A cladistic analysis was performed on a 378 bp region of the wingless gene from 103 nymphalid species and three pierid outgroups in order to infer higher level patterns of relationship among nymphalid subfamilies and tribes. Although the data are highly homoplastic, in many instances the most parsimonious cladograms corroborate traditionally recognized groups. The results suggest that this short gene region provides a useful source of data for phylogenetic inference, provided that adequate e¡ort is made to sample a diversity of taxa.
INTRODUCTION
The morphologically and ecologically diverse nymphalid butter£ies have been the subjects of prolonged and intense genetic, behavioural and ecological research for over a century. Since the time of Darwin and Bates, workers have repeatedly turned to this group for premier examples of natural selection, polymorphism and mimicry (Bates 1861; Poulton 1916; Goldschmidt 1945; Fisher 1958; Sheppard 1963; Turner 1977) . The study of nymphalids continues to provide fundamental data for the diverse ¢elds of ecological genetics, chemical ecology, community ecology, development, ethology and conservation biology (Gilbert 1991; Nijhout 1991; Carroll et al. 1994; Wahlberg et al. 1996; Monteiro et al. 1997; DeVries et al. 1999 ; see also the reviews in Vane-Wright & Ackery (1984) ).
Yet even after more than a century of taxonomic study, the phylogenetic relationships among higher groups of nymphalids still confound systematic biologists. Unambiguous morphological synapomorphies, such as tricarinate antennae, diagnose the family Nymphalidae and further suites of characters permit the relatively uncontroversial recognition of numerous well-de¢ned subfamilies and tribes (Ehrlich 1958; Ackery 1984; Scott 1985; De Jong et al. 1996; Ackery et al. 1999) . However, the relative branching order among these intrafamilial clades remains uncertain and has been presented by most authors (e.g. Ackery 1984 ) as a largely unresolved node in the cladogram of butter£y relationships. It is not clear how existing data may be used to resolve these polytomies: despite morphological studies using a variety of data sets and analytical methods (Clark 1947; Ehrlich 1958; Kristensen 1976; Scott & Wright 1990; Harvey 1991; Ackery et al. 1999) , the relationships among nymphalid tribes and subfamilies remain poorly understood. Both Harvey's (1991) classi¢cation and De Jong et al.'s (1996) cladogram (¢gure 1) su¡er from a frustrating lack of basal resolution. Importantly, the lack of a stable phylogenetic hypothesis for nymphalids leaves in question the widely cited hypotheses on host use and coevolution (Brower & Brower 1964; Ehrlich & Raven 1965 , Ackery 1988 , which rely on the apparently concordant taxonomic distribution of these butter£ies and their food plants.
Wing shapes, patterns and colours, which are frequently used for the recognition of nymphalid species, are notoriously labile in response to selection for recognition by predators (Brower 1984) and mates (Silberglied 1984) or even to di¡erential weather conditions (e.g. Brake¢eld 1996) . Nijhout (1991) lamented that`The freedom with which butter£y species are able to shift, realign, hide, unmask and alter the color and shape of their pattern elements suggests that in principle there is no pattern to which that of another species could not converge' (p. 241). The outlook for additional, subtler morphological characters is hardly more sanguine. Indeed, the recent cladistic analysis of adult morphological characters by De Jong et al. (1996) o¡ered less resolution among nymphalids than Ackery's (1984) tree. Ackery (1984) and DeVries et al. (1985) called for a detailed analysis of the larval morphology. Although Harvey's (1991) classi¢cation was partly based on examination of the larval ¢liform setae, no resolution of the relationships among nymphalid subfamilies was implied there either. Ackery et al.'s (1999) most recent summary concluded that`most relationships within and between the various groups remain obscure . . . and continuing changes in higher classi¢cation must be anticipated, including alterations to limits of many of the subfamilies themselves ' (p. 287) .
Given the apparent intractability of the adult morphology and the current lack of larval specimens for many taxa, molecular data may provide a new, complementary approach to deciphering phylogenetic patterns in this large and complex group. Martin & Pashley (1992) and Weller et al. (1996) performed the only molecular systematic studies on higher-level relationships among the butter£ies published to date. Martin & Pashley (1992) examined the relationships among eight of the 13 recognized nymphalid subfamilies by examining 212 sites in a region of the 28S ribosomal RNA gene from 15 species, and Weller et al. (1996) followed this up with a combined analysis of the 28S data, 320 bases of the mitochondrial ND-1 gene and a morphological data matrix of 50 characters compiled from Kristensen (1976) , Scott (1985) and Robbins (1988 Robbins ( ,1989 . Although both papers were primarily focused on familial and superfamilial relationships, the more recent paper included 16 species representing 11 nymphalid subfamilies, which were sampled for at least one gene (¢ve species were missing one gene or the other). The strict consensus topology from combined cladistic analysis of all the data (¢gure 2) is almost fully resolved and for the most part agrees with traditional hypotheses of grouping, but the taxon sampling is so minimal that the monophyly of most subfamilies could not be tested. Of the four subfamilies represented by more than a single exemplar, Satyrinae and Apaturinae appear as monophyletic, while Heliconiinae and Nymphalinae are paraphyletic. The traditional association of thè satyrid' subfamilies (Brassolinae plus Morphinae plus Satyrinae) is recovered, but Ithomiinae plus Danainae is not. Finally, it should be noted that none of the morphological characters employed by Weller et al. (1996) is relevant to the resolution of intrafamilial relationships: Nymphalidae' was a single terminal taxon in Kristenen's (1976), Scott's (1985) and Robbins' (1988 Robbins' ( , 1989 ) data matrices.
Here I address the problem of nymphalid phylogenetic relationships at the subfamilial and tribal levels using DNA sequence data from a coding region of the developmental patterning gene wingless (wg) (see the discussion in Brower & DeSalle (1998) ). The family Nymphalidae currently comprises some 6000^6500 described species (Shields 1989; Ackery et al. 1999) in 350^450 recognized genera (Harvey 1991; Ackery et al. 1999) , many of which are not demonstrably monophyletic and require revision. It is currently beyond the scope of any single study to incorporate all the species and it is even impractical to examine representatives of each putative genus. However, as noted by Wheeler (1992) and Judd (1998) , appropriate sampling of taxa is fundamental to the inference of stable phylogenetic hypotheses. I have therefore sampled the diversity of the nymphalid butter£ies rather intensively, obtaining taxa considered to be relevant to higher-level patterns of hierarchical grouping based on the most recent and comprehensive classi¢cation (Harvey 1991 ). Harvey's (1991) 
MATERIAL AND METHODS

(a) Specimens
Individual butter£ies were netted in the ¢eld and preserved in cryotubes in liquid nitrogen or in 2^7 ml vials of 100% ethyl alcohol (EtOH). I found the EtOH preservation technique to be equivalent to liquid nitrogen preservation in the quality and quantity of DNA obtained and superior from a logistical perspective. Specimens collected by colleagues in remote regions, preserved in EtOH and sent through the mail vastly expanded the taxonomic and biogeographical scope of the study. Locality data on voucher specimens are presented in table 1.
(b) Outgroups
Because the Nymphalidae and Lycaenidae have been considered paraphyletic with respect to one another in various ways (Ackery 1988; Robbins 1988; De Jong et al. 1996; Campbell et al. 2000) , the Pieridae were selected as the nearest unambiguous outgroup clade. Three pierid genera were included as outgroups, although the cladograms were rooted with Pieris rapae alone. placement of Riodininae will be addressed elsewhere (Campbell et al. 2000) .
(c) DNA extraction DNA was extracted from individual butter£ies following the protocol presented in Brower (1994) . Brie£y, specimens were macerated in liquid nitrogen, digested with proteinase K in a Tris^EDTA lysis bu¡er and phenol^chloroform extracted. DNA was precipitated with isopropanol, washed with 70% ethanol and resuspended in water. The DNA stocks were stored at 720 8C. The wings and abdomens of each specimen were preserved as vouchers (Brower 1996) and deposited at the American Museum of Natural History, Cornell University Insect Collection or the Museum of Comparative Zoology at Harvard (see table 1 ).
(d) PCR and sequencing
Polymerase chain reaction (PCR) ampli¢cations were performed with the primers and standard conditions presented in Brower & DeSalle (1998) . The PCR products were gene cleaned, cycle sequenced in a Perkin-Elmer 9600 and run on an ABI 373 automated sequencer from sense and anti-sense strands. The automated sequence outputs were edited manually and aligned by eye. The aligned data matrix is available on the World Wide Web (http://www.ent.orst.edu/browera/datasets/ dataset7.htm) and individual sequences have been submitted to GenBank (see table 1 for the accession codes).
(e) Data analyses
Cladistic analyses were performed using PAUP 3.1 (Swo¡ord 1991) . All nucleotide sites were weighted equally and gaps were coded as missing data. Tree-bisection-reconnection (TBR) branch swapping was performed on ¢ve separate sets of 100 random addition sequences. The results of these searches were pooled and duplicate trees were culled. The branch support (Bremer 1988 (Bremer , 1994 Davis 1995) for selected nodes was calculated using anti-constraints with ten random additions. To assess the ability of the data to imply a self-consistent topology, successive approximations weighting (SAW) (Farris 1969 ) was performed in PAUP based on the maximum rescaled consistency index for each character among the most parsimonious cladograms from the equal-weighted analyses. Unless SAW yields a subset of the MP cladograms, the results of the respective analyses are not comparable by quantitative means because the two weighting schemes rely on di¡erent philosophical interpretations of the parsimony criterion. The most parsimonious (MP) and SAW trees di¡ered in this study and are compared qualitatively here by assessment of topological congruence (Judd 1998) .
RESULTS
One hundred and three nymphalid taxa representing 12 of the 13 subfamilies and 30 of the 38 tribes recognized by Harvey (1991) and three pierid outgroups were compiled for the wingless region. Nine of the sequences have been published previously in Brower & Egan (1997) , 12 have been published previously in Brower & DeSalle (1998) and the remaining 85 are new. The resulting aligned data matrix of 106 taxa Â 378 characters contains only three gap regions: two separate autapomorphic 3-base deletions in Euptoieta and Lethe, respectively and a single 3-base insertion (a putative synapomorphy) present in the three members of Melitaeini sampled (Phyciodes, Eresia and Euphydryas). The dynamics of the sequence divergence in the wingless gene are addressed in Brower & DeSalle (1998) and Campbell et al. (2000) and will not be discussed further here. In this matrix, 99 nucleotide sites are invariant, 59 vary in a single taxon and the remaining 220 are cladistically informative (potential synapomorphies within the Nymphalidae).
The equal-weighted parsimony analysis yielded 336 equally parsimonious cladograms of 2760 steps. The strict consensus (¢gure 3) implies monophyly of the family Nymphalidae, the subfamilies Heliconiinae, Nymphalinae, Brassolinae, Danainae, Ithomiinae, Charaxinae and Apaturinae and numerous less inclusive clades identi¢ed in Harvey's (1991) classi¢cation. The branch support values for many of these clades are indicated in ¢gure 3. The Limenitidinae and Satyrinae appear as unresolved paraphyletic groups. Individual clades will be discussed further below.
SAW resulted in a single stable topology after nine iterations (¢gure 4). This cladogram is 2803 steps long when the character weights are restored to 1 (43 steps longer than the MP cladograms under equal weights). Eighty-one of the 102 nodes are congruent between the SAW cladogram and the MP consensus tree (`congruent' meaning that the SAW tree either exhibits the same clades as the MP consensus tree or provides resolution to its polytomies). With the exception of two basal nodes, the incongruent patterns of grouping are localized within three clades: Heliconiina, Danainae plus Ithomiinae and Satyrinae.
DISCUSSION (a) Quality
The average informative character changes state more than 12 times on the most parsimonious trees and some change up to 35 times. Theoretically, such rampant homoplasy suggests that these data are not valuable as a source of evidence for inferring the patterns of relationship among the groups represented (Sanderson & Donoghue 1996) . Hillis (1996) concluded from a simulation study that, although larger sets of taxa can resolve relationships with shorter sequences, approximately an order of magnitude more sequence per taxon than was included in this matrix is required to infer the simulated branching pattern accurately. These data o¡er an empirical refutation of those claims.
The historical course of evolutionary divergence is unknowable and empirical systematists eschew inductive summary measures of accuracy or con¢dence in favour of qualitative assessment of the stability and corroboration of prior hypotheses. The results presented here are stable to the extent that the inferred MP topology is largely selfconsistent under the implied weights (Judd 1998) . In general, SAW reinforced the groups implied by the data in the MP tree. The incongruence between the MP and SAW trees within Heliconiina occurs among weakly supported clades and neither of those implied branching orders matches the pattern resulting when taxa are sampled more intensively at the same locus (Brower & Egan 1997 Hypoleria and the remaining four result from the nesting of the Danainae between the basal and derived Ithomiinae in the SAW tree. The incongruence in the Satyrinae is not attributable to the instability of speci¢c taxa or clades and may instead result from insu¤cient sampling of this extremely diverse group (which represents nearly one-third of all Nymphalidae) (Ackery et al. 1999) .
The corroboration of prior systematic hypotheses also confers some degree of plausibility to the current results. The MP consensus implies monophyly in seven out of ten subfamilies (Tellervinae and Libytheinae with a single representative each included are also trivially monophyletic). The traditional subfamilies not supported here have long been considered arti¢cial (e.g. Limenitidinae) or are not diagnosed by morphological synapomorphies (e.g. Satyrinae to the exclusion of Brassolinae) (Ackery et al. 1999) . Thus, without the`aid' of special process models and mathematical corrections, this short gene region generally corroborates higher taxa supported by evidence from other character systems and fails to corroborate those which are not so supported.
(b) Taxonomic implications
The sister relationship between the Heliconiina and Acraeini implied here necessitates reinterpretation of the female abdominal`stink clubs' (Mu« ller 1886) from the synapomorphy uniting the Heliconiini sensu Harvey (1991) to a synapomorphy uniting the Heliconiinae but lost in the Acraeini. D. Harvey (personal communication) suggested that the loss may be associated with the simpli¢ed courtship performed by acraeines, which exhibit sperm priority enforced by a sphragis (Smith 1984) . The ad hoc invocation of stink club homoplasy is compensated for by the more parsimonious occurrence of the capacity to sequester or synthesize cyanoglucosides (Nahrstedt & Davis 1981) , which, according to this hypothesis, is uniquely derived among the Heliconiina plus Acraeini.
The large and diverse`subfamily Limenitidinae' has been long and almost unanimously recognized as an unnatural assemblage (Mu« ller 1886; Scott & Wright 1990; Harvey 1991; Ackery et al. 1999 ), a view corroborated by the wingless data. The SAW tree suggests a¤nities between the Limenitidini and Heliconiinae, and between the Neotropical Biblidini and Nymphalinae. Oddly, the apaturines sampled nest well inside the Biblidini, although morphological features imply their closer a¤nity to the Charaxinae (Ackery et al. 1999) . This is the least orthodox result from the wingless data and suggests that more detailed sampling of Old World representatives of both the Apaturinae and`Limenitidinae' is necessary.
Although no unique morphological synapomorphy has been found to unite the Danainae s. l. ( Danainae plus Ithomiinae plus Tellervinae), most authors have considered them to form a monophyletic group (Bates 1861; Clark 1947; Ehrlich 1958; Ackery 1984 Ackery , 1988 . Ackery et al. (1999) argued that the use of pyrrolizidine alkaloids for courtship pheromone synthesis (and possibly for chemical defence) (Brower 1984 ) is a more promising shared trait than anything yet described from morphology. The Danainae s.l. is the most strongly supported major clade in this study, corroborating Ackery et al.'s (1999) ranking of the Ithomiinae plusTellervinae plus Danainae as a single subfamily. The MP tree implies reciprocal monophyly of the Ithomiinae s. s. and Danainae s. s., but the Ithomiinae become paraphyletic in the SAW tree. It is intriguing that the Apocynaceae-feeding Tithorea and Elzunia are basal to the Apocynaceae and Asclepiadaceae-feeding Danainae' in the latter hypothesis. Both cladograms support the hypothesis that Apocynaceae-feeding, aposematic larvae are primitive characteristics of the Danainae s. l. (Edgar et al. 1974; Brown 1987) . Ackery et al. (1999 ) resurrected Ehrlich's (1958 inclusive Morphinae, encompassing both the Palaeotropical Amathusiinae and the Neotropical Brassolinae and Morphinae of various authors. Among the morphine and satyrine lineages sampled, only the monophyly of the Brassolinae (which clearly includes the formerly enigmatic genus Bia) (vide Miller 1968; DeVries et al. 1985) is supported by the MP cladogram. However, the SAW tree supports the monophyly of numerous traditionally recognized clades, including the Brassolinae, Morphini and the sister relationship of the Morphinae s. l. and Satyrinae, but Amathusia (the only amathusiine sampled) joins a basal clade with Old World satyrines. This result implies the parallel evolution of features associated with large size in the Neotropical and Palaeotropical realms. However, given the diversity of this clade, these patterns are best viewed merely as intriguing hypotheses to stimulate further research.
The snout butter£ies (Libytheinae or Libytheidae) are often viewed as the sister taxon of all other Nymphalidae due to the plesiomorphic presence of functional forelegs in the females (Ehrlich 1958; Scott & Wright 1990; Ackery et al. 1999) . The SAW tree implies a basal position for Libytheana, with Chersonesia (Cyrestidini Marpesiini) as its immediate outgroup and the sister taxon to the Libytheinae plus all other nymphalids. The other cyrestidine, Marpesia, is sister to the Nymphalinae plus Biblidini, suggesting that the tribe may represent a polyphyletic basal assemblage. Both Libytheana and Chersonesia exhibit enlarged labial palpi (see Ackery et al. (1999) for comments on the range of variation in this character among nymphalid taxa).
(c) Prospects
This study supports the hypothesis (Brower & DeSalle 1998; Campbell et al. 2000) that the small fragment of the wingless gene examined provides a useful source of characters for cladistic inference among butter£y subfamilies, tribes and genera. Given the relatively small number of gene regions that have been employed with success in the molecular systematics of insects to date (Caterino et al. 2000) , the empirical success of the wingless gene represents a signi¢cant addition to the battery of markers currently available. Although phylogenetic hypotheses based on data from single sources are potentially subject to bias or inaccuracy', the dense taxonomic sampling employed here appears to permit synapomorphy to overcome high levels of homoplasy and corroborate clades well supported by data from morphology. The initial phylogenetic structure presented here provides a framework for subsequent investigation of particular nymphalid clades in greater detail. The taxa in particular need of more intensive sampling or improved resolution are the Limenitidini, Satyrinae, Amathusiini and Ithomiini. 
